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(57) Abstract: The invention concerns a method for producing three-dimensional objects (6) layer by layer using a powdery mate-
rial (7) which can be solidified by irradiating it with a high-energy beam(4), said method comprising the steps of: applying a first
layer of powdery material onto a working area (5); solidifying a part of said first layer by irradiating it with a high-energy beam;
andapplying a second layer (8) of powdery material onto thefirst, partly solidified layer. The invention is characterized in that the
method comprises the step of: determining a rate at which the temperature of the second layer (8) increases after application onto
the first layer.The invention also concerns an apparatus configured to operate according tothe above method.
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Method and apparatus for producing three-dimensional objects

TECHNICAL FIELD

This invention relates to a method and apparatus for producing three-
dimensional objects layer by layer using a powdery material which can be
solidified by irradiating it with a high-energy beam.

BACKGROUND OF THE INVENTION

Equipment for producing a three-dimensional object layer by layer using a
powdery material which can be solidified by irradiating it with electromagnetic
radiation or an electron beam are known from e.g. US 4863538, US 5647931
and WO 2004/056511. Such equipment include for instance a supply of
powder, means for applying a layer of powder onto a working area of a work
table, and means for directing the beam over the working area. The powder
sinters or melts and solidifies as the beam moves or sweeps over a working

area.

For product quality reasons it is important that the applied layer of powder is
evenly distributed over the working area and that the layer thickness is well-
defined and corresponds to a predetermined value. Further, it is
advantageous that the layer is quickly applied in order to keep the production

rate as high as possible.

Traditionally, powder application means includes a feeding member and a
distribution member where the former transfers a certain quantity of powder
from the supply of powder to the distribution member, which in turn
distributes the powder over the working area. WO 2006/121374 discloses
another variant wherein a distribution rake is arranged to be moveable
towards and a certain distance into the powder supply such as to work both

as feeding member and distribution member.
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For quality assurance reasons, and for making it possible to e.g. re-apply a
layer of powder if the powder distribution is not correct, it would be desirable
to determine the thickness and homogeneity of a layer of powder that has
been applied onto the working area. However, how to do this in an easy and
efficient way is not evident, irrespective of what type of powder application
means that are used. Therefore, focus has generally been set on improving
the reliability of the powder application systems.

An example of a system for monitoring the surface height/thickness of a layer
in a selective deposition modelling (SDM) apparatus is disclosed in US
2002/0104973. The system makes use of a light source, such as a laser, that
directs a beam of light downwards towards the layer of non-solidified build
material. A light detector, arranged at an angle in relation to the light source,
detects scattered light from the surfaces of the non-solidified layer and the
solidified layer below. The thickness of the non-solidified layer is then
calculated by means of triangulation. The application described makes use of
a liquid build material. Although the system disclosed may work well in
certain situations it will not work properly when non-transparent build
materials are used, such as metal powder. Further, the system requires
additional equipment that is difficult and expensive to install in some types of

apparatuses.

Thus, there is still a need for a system/method for checking the thickness and
distribution of a layer of powder that has been applied onto the working area,

in particular in cases where metal powder is used.

SUMMARY OF THE INVENTION

An object of this invention is to provide a method that exhibit improved
properties with regard to layer thickness determination compared to
conventional methods. This object is achieved by the method and
corresponding apparatus defined by the technical features contained in
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independent claims 1 and 9. The dependent claims contain advantageous

embodiments, further developments and variants of the invention.

The invention concerns a method for producing three-dimensional objects
layer by layer using a powdery material which can be solidified by irradiating
it with a high-energy beam, said method comprising the steps of: applying a
first layer of powdery material onto a working area; solidifying a part of said
first layer by irradiating it with a high-energy beam; and applying a second
layer of powdery material onto the first, partly solidified layer.

The inventive method is characterized in that it comprises the step of:
determining a rate at which the temperature of the second layer increases

after application onto the first layer.

Because a thicker layer placed on a hot surface heats up at a slower rate
than a thinner layer, at least with regard to the layer surface temperature, it is
possible to relate the temperature increase rate to layer thickness. Thus, the
inventive method makes it possible to determine the layer thickness by

determining the rate of the temperature change.

A powder layer applied onto the working area normally heats up relatively
quickly due to a relatively quick heat transfer from the hot, partly solidified
layer(s) positioned below. It is well known to use temperature sensing
devices, such as thermographic (IR) cameras or pyrometers, for measuring
the temperature of a surface of an applied powder layer. However, these
measurements are normally carried out for the purpose of checking the
temperature before solidification and relate to the point of time when the
temperature curve has levelled off, i.e. when the temperature of the applied
powder layer has reached and passed a maximum temperature. In contrast
to such conventional measurements, the inventive method concerns the rate
at which the temperature of the layer of powdery material increases before

the temperature curve has levelled off.
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The temperature increase rate can be expressed in several ways. Generally,
the temperature in a certain position at the surface of the applied powder
layer depends on the time lapsed since application of powder at that position.
Further, the temperature increase rate, or derivative dT/dt, in a certain
position will generally be decreasing with time and asymptotically approach
zero (because the driving force, i.e. the temperature difference, decreases
with time). One example of expressing the determined temperature increase
rate is to say that it corresponds to the length of the time period from
application of powder (in a certain position) to the point of time when the
maximum temperature is reached (in the same position). Another example is
to determine the actual temperature increase rate at a certain point of time.
Still another example is to fit a mathematical function to measured data of the
time dependency of the temperature and from this function fitting generate a
parameter corresponding to the temperature increase rate. Irrespective of
how the determined temperature increase rate is expressed, it can be related
to layer thickness.

In an embodiment of the invention, the method comprises the step of:
measuring a temperature in at least one position of said second layer using a
temperature sensing device. This is a suitable way of obtaining data for
carrying out the inventive method. Moreover, a temperature sensing device,
such as a thermographic camera or a pyrometer, forms in many cases
already part of the apparatus used for the type of production of three-
dimensional objects discussed here.

Preferably, the step of measuring the temperature comprises the step of:
performing a plurality of sequential temperature measurements in the same
at least one position of said second layer, wherein said plurality of
measurements are carried out before the second layer has reached a
maximum temperature. This means that a data series is obtained of the

temperature as a function of time over a time period during which the
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temperature of the second layer increases. Such a data series is very useful

for determining the temperature increase rate.

In a further embodiment of the invention, the method comprises the step of:
measuring a temperature in a plurality of positions of said second layer,
wherein said plurality of positions are distributed over the second layer.
Thereby, it becomes possible to determine the temperature increase rate
over a larger part of the second layer, preferably the entire layer, which in
turn makes it possible to determine whether the layer is evenly distributed.

In a further embodiment of the invention the temperature sensing device is a
thermographic camera that, preferably, is directed towards an upper surface
of the second layer.

In a further embodiment of the invention, the method comprises the step of:
comparing the determined temperature increase rate with one or several
reference values. Such a comparison can be used to determine whether the
temperature increase rate, and thus the thickness of the powder layer, is
within a certain acceptable interval. It can also be used to determine the
actual layer thickness.

In a further embodiment of the invention, the method comprises the step of:
fitting a mathematical function to data obtained from said plurality of
sequential temperature measurements. This is an efficient way of handling
the measured data and, further, the fitted function, i.e. the fitted parameters,
are useful for determining the temperature increase rate. Preferably, the
function used for fitting is the correct theoretical function for temperature
equilibrium involving heat conduction from the underlying layer(s) and heat
radiation from the second, upper layer.

The invention also concerns an apparatus for producing three-dimensional

objects layer by layer using a powdery material which can be solidified by
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irradiating it with a high-energy beam, which apparatus is configured to

operate according to the above method.

BRIEF DESCRIPTION OF DRAWINGS

In the description of the invention given below reference is made to the

following figure, in which:

Figure 1 shows, in a schematic view, an embodiment of an apparatus
suitable for carrying out the inventive method,

Figure 2 shows a schematic example of measured and fitted temperature
data of a “thin” powder layer, and

Figure 3  shows a schematic example of measured and fitted temperature

data of a “thick” powder layer.

DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE INVENTION

Figure 1 shows, in a schematic view, a preferred embodiment of an inventive
apparatus 1 for producing a three-dimensional object 6 layer by layer using a
powdery material which can be solidified by irradiating it with an energy
beam. The described apparatus 1 is suitable for applying the inventive
method. The apparatus 1 comprises an electron gun 3 capable of generating
an electron beam 4 in an evacuated chamber 2. A powder bed 7, i.e. a
plurality of partly solidified layers placed on top of each other, is positioned
onto a height adjustable work table 9. Powder, which in this example is made
of a metallic material, is taken from a powder supply (not shown) and applied,
using a powder distributing member 12, layer by layer onto the working table
9. An upper part of the powder bed 7 forms a working area 5 over which the
electron beam 4 sweeps during irradiation. After irradiation and fusing
together of selected parts of a first, upper powder layer applied onto the
working area 5, a second, new layer of powder 8 is distributed over the
working area 5 on top of the powder bed 7. These parts, as well as how to
control the electron gun 3, how to establish vacuum in the chamber 2 etc.,

are well known to the skilled man in the art.
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The inventive apparatus 1 further comprises a temperature sensing device in
the form of a digital thermographic camera 14 (sometimes also referred to as
e.g. “IR camera”) positioned outside of the chamber 2 at a level above and at
a side of the working area 5 and directed at an angle downwards towards the
working area 5, i.e. towards an upper surface of an uppermost powder layer.
A window 15 that is transparent to the relevant radiation wavelengths is
positioned in a wall of the chamber 2 to allow the camera 14 to sense the
temperature of the working area 5. The camera 14 is electronically connected
to a control unit 11 that in turn is electronically connected for controlling
purposes to e.g. the electron gun 3 and the equipment driving the powder
distributing member 12. The electronic connections are indicated with dashed
lines 13. To reduce the angle between the camera 14 and the working area
5, the camera 14 and the window 15 can instead be arranged on the upper

side of the chamber 2, some distance at the side of the electron gun 3.

The signals from the thermographic camera 14 are processed and analyzed
by the control unit 11. Thermographic cameras and processing/analysis of
the signals generated by such cameras are well known and not described in
detail here. It may be mentioned that signal processing may be carried out in
the camera 14 itself or in auxiliary units connected to the camera 14 and/or to
the control unit 11. It may also be mentioned that at least some of the prior
art apparatuses of the type described here are equipped with a temperature
sensing device, for instance a thermographic camera. However, the
temperature sensing devices of prior art apparatuses has been used for
another purpose.

When a new, second powder layer 8 has been applied onto a first and partly
solidified powder layer that previously has been applied onto the working
area 5, the thermographic camera 14 is in the inventive method used to
determine a rate at which the temperature of the second layer 8 increases
after application onto the first layer. This is used for checking the thickness
and homogeneity of the second layer.
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A preferred embodiment of the inventive method comprises the following
steps:

A) Performing a plurality of sequential temperature measurements in a
plurality of positions of the second layer 8, wherein said plurality of
measurements are carried out before the second layer 8 has reached a
maximum temperature T4 (see below) and wherein said plurality of positions

are distributed over the second layer 8.

B) Fitting mathematical functions to data obtained from step A, wherein one
function is fitted to each of said positions of the second layer 8.

C) Determining a temperature increase rate for each of said positions using
results from step B.

D) Storing the determined temperature increase rates.

E) Comparing each of the determined temperature increase rates with one or

several reference values.

F) In case any of the determined temperature rates is lower than or higher
than a set value, reapplying a layer of powdery material onto the working
area 5.

The measurements in step A are carried out by the thermographic camera 14
which is controlled by the control unit 11. The camera 14 is directed towards
the upper surface of the second layer 8 which means that it in principle can
register a surface temperature of the second layer 8 (even if heat radiated
from material positioned slightly below the surface also may reach the
camera 14). The position and direction of the camera 14 implies also that the

“‘positions” referred to in step A above in principle are two-dimensional area
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units in the lateral plane, i.e. a portion of the upper surface of the second
layer 8. The size of each “position” can be varied and depends e.g. on the
resolution (the number of pixels) of the camera 14, the distance between the
camera 14 and the second layer 8, and the number of pixels used for each

“position”.

The camera 14 is controlled such as to, for all positions, carry out a
sequence of temperature measurements that are distributed over a time
period during which the second layer 8 heats up as a result of heat
conduction from the layer(s) below. After some time the (surface of the)
second layer 8 reaches a maximum temperature T (see figures 2 and 3).
Roughly, at this point in time the rate at which heat is conducted from the
layer(s) below equals the rate at which heat is radiated away from the upper
surface of the second layer 8. After that point the temperature of the second
layer 8 decreases (at a moderate rate).

The sequential temperature measurements should be initiated as soon as
possible after application of powder because the temperature increase rate
decreases with time and because the time to reach the maximum
temperature is rather short, typically around 1 sec for the apparatus
described above. Since the powder distributing member 12 moves from one
side to the other over the working area 5 the point of time at which the
powder layer 8 is applied onto the working area 5 varies depending on the
position of the layer 8. Therefore, the sequential temperature measurements
in a particular position of the second layer 8 should start as soon as possible
after application of powder in that particular position. Preferably, a number of
temperature measurements are carried out also at and after the second layer

8 has reached its maximum temperature.

The camera 14 registers data also when the powder distributing member 12
moves. This means that pixels “viewing” at positions just at the rear of the
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member 12 can be used to get measurement data shortly (within around 0.1
s) after powder application.

The plurality of sequential temperature measurements carried out in each
position before the second layer 8 has reached the maximum temperature T,
includes at least two temperature measurements. From these two data points
it can be possible to estimate the temperature increase rate, in particular if at
least one further data point at and/or after the second layer 8 has reached its
maximum temperature also is obtained. However, since the temperature
increase rate is not linear it is recommended to perform at least three
temperature measurements before the second layer 8 has reached the
maximum temperature T4. In principle, the higher the number of data points
(i.e. temperature measurements), the better the function fit. A measurement
frequency of around 10 Hz, i.e. one measurement each 0.1 s, has shown to

work well.

Fitting of mathematical functions to data points is well known to the person
skilled in the art. Although a standard parameter fit (y = ao + ax + ax* +... +
anx") probably could be used in the present case, the fit is preferably made
by using an adequate theoretical function for temperature equilibrium
involving heat conduction from the underlying layer(s) and heat radiation from
the second, upper layer. Such a theoretical function can for instance
comprise the following parameters: layer thickness, material properties of the
powdery material and powder particle size distribution. An advantage of
using an adequate theoretical function is that the resulting layer thickness is

derived from relevant physical relationships.

The expression “fitting of a (mathematical) function” is considered to cover
also the situation where only two data points are available (in which case a

line or curve is “fitted” to two points).



WO 2011/008143 PCT/SE2009/050901

10

15

20

25

30

11

An analysis of the measurement data obtained in step A is made for all
positions distributed over the second layer 8. With a proper distribution of the
positions, this provides information on the temperature increase rate over the

entire layer 8.

In the step following the fitting of functions it is determined a temperature
increase rate for each of said positions. This step may be regarded as a part
of the fitting-step. Typically, a parameter is determined in the fitting-step,
which parameter represents the temperature increase rate. This rate is in

turn directly related to the thickness of the second powder layer 8.

Storing of the determined temperature increase rates, e.g. in a memory
connected to the control unit 11, is useful not only for making the data
available for calculations and comparisons but also for quality assurance
reasons. For instance, if an object produced by the inventive method breaks
in a certain way during use it may be helpful to go back to production data
and find out whether the thickness and/or homogeneity of the powder layers
have been correct. It may also be possible to scrap such produced objects
after manufacturing where the layer thickness measurements do not fulfil

predetermined quality values.

In the following step each of the determined temperature increase rates is
compared with one or several reference values. In case any of the
determined rates (or another parameter related in a known way to a
corresponding rate) is lower than or higher than a set value, this step is
followed by the step of reapplying a layer of powdery material onto the
working area 5. This means that if the second layer for instance is not
sufficiently homogenously distributed over the working area 5, the powder
distribution member 12 will complement it with another layer of powdery

material.
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Figure 2 shows a schematic example of measured and fitted temperature
data of a “thin” second powder layer 8 (or a position of the second layer in
which the layer is “thin”). As a comparison, figure 3 shows a schematic
example of measured and fitted temperature data of a “thick” second powder
layer 8 (or a position of the second layer in which the layer is “thick). Thus,
the data in figure 3 refer to a thicker powder layer than the data in figure 2.

Data points 20 in figure 2 represent the sequential temperature
measurements, whereas a curve 21 represents the function fitted to the data
points 20, i.e. the curve 21 represents the temperature at the surface of the
powder layer. It can be seen that the temperature increases very fast in the
beginning (shortly after application of powder) which means that the
temperature increase rate, i.e. the derivative of the curve 21, is very large in
the beginning. The rate decreases successively and becomes zero att = t1 at
which point of time the temperature has reached its maximum temperature
T4. After this, the temperature decreases slowly.

In the schematic example shown in figure 2, the number of data points 20
representing the sequential temperature measurements is six; three before
the temperature has reached its maximum temperature T4, and three at or
after the point of time ty when the maximum temperature T1 has been

reached.

In similarity with figure 2, data points 30 in figure 3 represent the sequential
temperature measurements, whereas a curve 31 represents the function
fitted to the data points 30, i.e. the curve 31 represents the temperature at
the surface of the “thick” powder layer. Also in this case the number of data
points 30 is six, but in this case five of them refer to the time period before
the temperature has reached its maximum temperature T4, The point of time

in which the maximum temperature T, is reached is denoted t. in figure 3.
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By comparing figures 2 and 3 the principal difference between layers of
different thickness can be seen in that the temperature increases more slowly
in the “thick” layer of figure 3 which means that the temperature increase rate
is lower in the “thick” layer. In both cases the rate decreases successively
and becomes zero when the temperature has reached its maximum
temperature T4, which maximum temperature T4 has about the same value in
both cases. However, the time lapsed until the maximum temperature T is
reached differs; t2 > t1.

Each individual temperature measurement 20, 30, i.e. each “sampling” of the
temperature, is preferably carried out during such a short period of time that
the temperature variation during this period of time is negligible.

The temperature sensing devices of prior art apparatuses has generally been
used for checking the temperature before solidification and relate to the point
of time when the temperature curve has levelled off, i.e. when the
temperature of the applied powder layer has reached and passed a
maximum temperature. Such a prior art temperature measurement
corresponds to one point at the far right of the temperature curves shown in

figures 2 and 3.

A thermographic camera, sometimes called infrared (IR) camera or thermal
camera, is commonly regarded as a device that can form an image using
infrared radiation, similar to a common camera that forms an image using
visible light. A digital thermographic camera can be regarded as a
temperature sensing device wherein each pixel forms an individual
temperature sensing unit. The temperature measurements, i.e. the data
points 20, 30 in figures 2 and 3, can be based on the signal from an

individual pixel or from several pixels.

The invention is not limited by the embodiments described above but can be
modified in various ways within the scope of the claims. For instance, a
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pyrometer can be used instead of, or as a complement to, the thermographic
camera 14. However, a camera of the described type is advantageous in that
it allows determination of the temperature increase rate in several positions
of the layer which in turn makes it possible to determine the homogeneity of

the layer (i.e. the vertical uniformity of the powder layer).

Moreover, the high energy beam can be a laser beam generated by a laser
source instead of the exemplified electron beam. Further, the powdery
material does not necessarily have to be made of metal but can be of e.g.

plastics or a composite material.

If the point of time is known at which powder is applied in a certain position
onto the working area 5, it can be sufficient to carry out only one temperature
measurement at that position (before the maximum temperature is reached)
to determine, or at least estimate, the temperature increase rate. This point of
time of powder application may be possible to obtain from information via the
control unit 11 on the position of the powder distribution member 12 or from
optical information. However, determining the exact point of time for powder
application may be complicated and, further, using only one single
temperature measurement for determining the temperature increase rate
introduces a significant uncertainty in the result obtained. By performing a
plurality of sequential temperature measurements that “follows” the
temperature curve it is not necessary to establish the point of time for powder
application; if desired this can be calculated using the fitted function.
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CLAIMS

1. Method for producing three-dimensional objects (6) layer by layer using a
powdery material (7) which can be solidified by irradiating it with a high-
energy beam (4),

said method comprising the steps of:

- applying a first layer of powdery material onto a working area (5),

- solidifying a part of said first layer by irradiating it with a high-energy beam,
- applying a second layer (8) of powdery material onto the first, partly
solidified layer,

characterized in

that the method comprises the step of:

- determining a rate at which the temperature of the second layer (8)
increases after application onto the first layer.

2. Method according to claim 1,

characterized in

that it comprises the step of:

- measuring a temperature in at least one position of said second layer (8)

using a temperature sensing device (14).

3. Method according to claim 2,

characterized in

that it comprises the step of :

- performing a plurality of sequential temperature measurements in the same
at least one position of said second layer (8), wherein said plurality of
measurements are carried out before the second layer (8) has reached a

maximum temperature (T1).

4. Method according to claim 2 or 3,
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characterized in

that it comprises the step of:

- measuring a temperature in a plurality of positions of said second layer (8),
wherein said plurality of positions are distributed over the second layer (8).

5. Method according to anyone of claims 2-4,
characterized in

that the temperature sensing device is a thermographic camera (14).

6. Method according to claim 5,

characterized in

that the thermographic camera (14) is directed towards an upper surface of
the second layer (8).

7. Method according to anyone of the above claims,

characterized in

that it comprises the step of:

- comparing the determined temperature increase rate with one or several

reference values.

8. Method according to claim 3,

characterized in

that it comprises the step of:

- fitting a mathematical function to data obtained from said plurality of

sequential temperature measurements.

9. Apparatus (1) for producing three-dimensional objects (6) layer by layer
using a powdery material (7) which can be solidified by irradiating it with a
high-energy beam (4),

characterized in

that it is configured to operate according to anyone of the above claims.
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